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ABSTRACT 
Investigation of a Highly Loaded, High Pressure Ratio Axial Turbine Stage for Industrial 
Applications (April 2005) 
Amit Garg, M.S., Embry-Riddle Aeronautical University 
Chair of Advisory Committee: Dr. Magdy Attia 
The turbine component of a gas turbine engine is the most costly component due 
to its complexity, and life requirements, given the harsh environment in which it is 
required to operate. Minimizing the number of stages can lead to significant savings in 
terms of development efforts, materials, and serviceable parts. This philosophy has lead 
to a significant increase in the work demanded from the typical stage. In this work, a 
highly loaded axial turbine stage was designed for high power-output industrial 
applications using a comprehensive set of investigations, which included parametric 
studies, throughflow solutions, and 2D airfoil shapes. The design procedure was defined 
and used for the conceptual design calculations; several parametric studies were 
conducted to assess the impact of various critical design parameters such as degree of 
reaction, rotor exit conditions, and annulus shape. A winning design was chosen based 
on several factors, and the Free Vortex solution was employed to define the design 
boundary conditions for the airfoils hubs and tips. The NASA Throughflow Code (TDII) 
was used to generate the throughflow solution for the stage, and 2D airfoil shape design 
and analysis was performed using an in-house code (T-Foil) for the design, and the 
commercial CFD code (Star-CD) for the mesh and flow solutions. 
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A. Problem Description 
The turbine component of a gas turbine engine is the most costly component due 
to its complexity, and life requirements, given the harsh environment in which it is 
required to operate. Additionally, within the modern industrial Gas Turbine Engine, the 
first turbine stage is commonly subjected to temperatures in excess of 1800 K, and 
pressures in excess of 2,500 KPa. Blade cooling is therefore a necessity, adding to the 
design effort and complexity. Minimizing the number of stages can lead to significant 
savings in terms of development efforts, materials, and serviceable parts. This philosophy 
has lead to a significant increase in the work demanded from the typical stage. 
This thesis will focus on a stage having total pressure ratio (PR) of 5.0, and 3600 
rpm (60 Hz) for industrial applications. At the heart of the investigation is a study of the 
critical parameters, which influence the design of a highly loaded axial turbine stage. The 
process is initiated with a meanline study of various parameters including: degree of 
reaction, rotor exit absolute flow angle, annulus shape, and axial velocities. A comparison 
of the various designs produced by these parametric studies should identify certain trends 
and lead to more understanding of the effect of these parameters on the design. The best 
possible design within an acceptable range of parameters will be chosen and 
Throughflow analysis will be conducted on that stage. The NASA code (TDII) will be 
employed to solve the streamline curvature equation, and produce the boundary 
conditions necessary to design the airfoil shapes. The free vortex solution will be used to 
define the design boundary conditions for the airfoils sections away from the meanline. 
2 
The airfoil shapes will be generated using the in-house design code (TFoil). TFoil 
employs simple geometric functions to generate the suction and pressure surfaces, and 
the leading and trailing edges of a turbine airfoil using parameters such as airfoil radius, 
number of airfoils per row, mean inlet and exit swirl angles, unguided turning and inlet 
wedge angle. Computational Fluid Dynamics (CFD) analysis will be conducted on the 
airfoil shapes using the commercial code Star-CD, which employs MARS differencing 
schemes, unstructured, multi-block meshes with hexahedral elements as well as the k-
epsilon turbulence model for high Reynolds number flows. 
B. Literature Survey 
A number of detailed experimental studies have been carried out on single stage 
high-pressure ratio turbines. In the early seventies, Ewen et al. [1] investigated the 
aerodynamic performance of small axial turbines with a PR of 3.4 and stage loading of 
1.2. The data showed that relatively high efficiencies could be obtained in small, low 
aspect ratio axial turbines if the geometry were to be optimized for the application. 
Okapuu [2] investigated the effect of degree of reaction, aspect ratio, tip clearance and 
vane outer wall contouring on the performance of a turbine with a PR of 3.9 and stage 
loading of 1.5. The design parameters examined here were found to have greatest 
influence on losses. Operation at pressure ratios above the design was found to be 
improved with 'open' rotor stagger, yielding a reduced design-point degree of reaction. 
Liu et al. [3] described the design and testing of a low aspect ratio turbine with a PR of 
3.0 and stage loading of 1.7. It was suggested that the optimization of the stator stacking-
line and adoption of wide chord blade helped achieve high efficiency in high load, high 
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expansion turbines. Crow et al. [4] tested a turbine having a PR of 4.0 and stage loading 
of 1.6 as part of the Energy Efficient Engine program. 90.3%-uncooled efficiency at a 
degree of reaction of 35% was demonstrated. Bryce et al. [5] reported on a turbine stage 
with a PR of 4.5 and stage loading of 2.1. The stage designed was tested with solid 
blading in a cold flow rig and demonstrated an efficiency of 87%. Vlasic et al. [6] 
focused on the design and performance of a highly loaded single stage turbine with a PR 
of 5.0, and a stage loading of 2.2. Here an increase in efficiency of 2.5% was measured 
when speed was increased 18% from design. All of these studies focused mainly on 
design point performance. Some, as indicated, investigated performance enhancement 
concepts such as outer wall contouring to increase design point efficiency. Of the papers 
cited, none conducted parametric studies at the design point. Parametric studies execute 
one application many times with different sets of input parameters and is important as it 
involves a series of designs that monitor the change in one set of parameter variable with 
respect to another in a systematic fashion. It helps to understand the behavior of different 
parameters and there effects over design. 
Based on the above survey, the current study addresses the issues involved with 
the design and performance of highly loaded turbine for future generation of industrial 
gas turbines using a set of investigations which include comprehensive parametric 
studies, throughflow solution for the best design, 2D airfoil shapes and CFD analysis to 





To conduct a comprehensive set of studies as to the critical parameters 
influencing the design of a highly loaded turbine stage, an actual design is undertaken to 
the conditions in table 1. 
Inlet Total Temperature 
Inlet Total Pressure 
Inlet Absolute Mach number 
Pressure Ratio 
Stage Flow Coefficient 













Table 1. Specified Boundary Conditions 
The design procedure starts with an understanding of the thermodynamics of the 
problem across the stage using one-dimensional equations at the mean line. It is then 
complimented with the aerodynamic solution (velocity triangles) at the mean line. After 
obtaining all the absolute and relative values, the velocity triangles can be defined using 
turbine design techniques. Once the design procedure was defined and used for the 
conceptual design calculations, several parametric studies are to be conducted at key 
parameters to study their impact on the design. Parameters to be studied include degree of 
reaction, rotor exit conditions and annulus shape. A winning design is then chosen based 
on the parametric studies that identify certain trends. A vortex solution will be employed 
to ascertain the design velocity triangles away from the mean line. The throughflow code 
is then used to solve the streamline curvature equation and produce boundary conditions 
necessary to design the airfoil shapes. The airfoil shapes will then be generated using the 
in-house design code (T-foil). The resulting airfoils will be analyzed using the 
commercial CFD code Star-CD, employing 2D Navier-Stokes solution. 
B. Design Procedure 
In the design procedure, thermodynamic calculations are performed in the flow 
direction to determine the total pressure, total temperature, and the velocity components 
at each of the design planes. The compressor, the design of which is always more 
aerodynamically challenging than the turbine because of the decelerating flow, fixes the 
rotational speed. The analysis in the streamline direction is conducted at three stations. 
Station 1 is the stage inlet (or stator inlet), station 2 is the stator exit (or rotor inlet), and 
station 3 is the stage exit (or rotor exit), as shown in Fig. 1. At the inlet to the stage, 
station 1, the total pressure, P0l the total temperature, T01 are specified. The remaining 
quantities of interest at this station will be determined from the value of the flow Mach 
number leaving the combustor. Using the isentropic relation for temperature yields: 
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The absolute flow velocity at station 1 is calculated by: 
Vx=M,ax=M,JyRTx (3) 
The density can be determined using the perfect gas relation. The static enthalpy can be 
found using the definition of the specific heat at constant pressure: 
\dh = j cpdT (4) 
The total (stagnation) enthalpy is calculated using a specific form of the First Law of 
Thermodynamics, and the perfect gas assumption, as follows: 




The total pressure at station 3 is obtained by specifying the desired pressure ratio for the 
stage. The total temperature will be obtained by choosing a reasonable value of total-to-
total efficiency that is based on literature survey. The selected value was 85%. The 
efficiency is defined as the ratio of the actual work extracted from the stage to the 
maximum (ideal) work that could be extracted: 
n^ttK_^K,~K (6) 
Where, the subscript (tt) refers to the total-to-total definition. Using an average value for 
Cp, the above equation can be re-written in terms of total temperature. Applying the 
isentropic relations for the ideal work available yields an expression in terms of the total 
pressure and temperature drop. Thus, 
1- ^ 0 3 
*.=—~r m 
(P V 1- ^ UJ 
p 
Where, —— is the inverse total pressure ratio across the stage. It was determined that the 
use of the total-to-total definition of the efficiency is most appropriate because the 
entering and leaving kinetic energies are automatically accounted for by employing 
stagnation enthalpy. This definition of the efficiency is particularly advantageous for a 
multi-stage design, where the impact of kinetic energy cannot be dismissed. Even within 
the last stage (of an industrial engine), the leaving kinetic energy can be substantially 
recovered in a diffuser or volute. Although we shall not use it, it should be noted that a 
total-to-static efficiency is sometimes quoted for a turbine as a whole or for a stage. This 
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definition would be useful where it is desirable to isolate the turbine performance from 
the exhaust diffuser losses. 
The static temperature is then calculated using: 
V2 
T,=Tm--±- (8) 
The Mach number can now be determined using: 
M 3 = - ^ = (9) 
Again using the isentropic relations, the static pressure can be obtained by: 
P 
The next step requires that attention be shifted to enthalpy, and energy conversion, to 
ascertain the conditions at the stator exit, or station 2. Fig. 2 shows the enthalpy-entropy 
(h-s) diagram of a typical turbine stage. Using the adiabatic assumption, the total 
enthalpy at the stator exit should remain equal to the streamline value at the stator inlet, 
or: 
hQX=h02 or, hx+±Vx2=h2+±V22 (11) 
While the total energy of the flow remains constant, static enthalpy is mostly converted to 
kinetic energy by accelerating the flow through the stator cascade. The specific work 
extracted by the stage is expressed in terms of the change in total specific enthalpy across 
the rotor (Fig. 2): 
Ah0=h0X-h03=cpAT0 (12) 
A 0 1 ~ A 0 2 
A 2 * 
A 03 





2 3 ro,is 
3L 
Entropy (s) 
Fig. 2 Detailed (h-s) expansion diagram of a typical turbine stage 
To proceed further, P02 is needed. The total pressure through the stator cascade should 
remain constant in an ideal (isentropic) situation. However, due to friction, drag, profile, 
and other losses, total pressure declines slightly. The stator loss coefficient^ is therefore 
defined as the total pressure loss non-dimensionalized by the inlet dynamic pressure as 
follows: 
i = ^ 0 _ *01 M>2 P ~P P ~P (13) 
A reasonable value of 0.05 is assumed for the stator based on the literature survey. 
10 
P02 can now be easily determined. During the airfoil design process, higher-fidelity tools 
may be used to refine the assumption for %s, and hence, P02. The T02 is therefore 
calculated since: 
K = K (i4) 
More information regarding the kinetic energy at station 2 is therefore needed in order to 
progress further. The aerodynamics, and velocity triangles, of the stage are introduced at 
this point to further understand the energy conversion process within the stage. Figure 3 
shows the velocity triangles within the typical turbine stage. The absolute and relative 
flow velocities, V and W, respectively, are divided into their two main components (for a 
streamline of no inclination), axial and circumferential, which are denoted by the 
subscripts (ax) and (u), respectively, a and (3 are the absolute and relative flow angles, 
11 
respectively, measured from the axial direction. The circumferential velocities at the 
different design stations are determined based on the mean radius and the rotational 
speed: 
U = Qr (15) 
The choice of mean radius, and hence U, is of significant importance, and will be 
discussed later in more detail. Parametric studies will be done to study the effect of 
constant versus variable circumferential velocity. The axial component of the velocity 
can be related to the absolute flow velocity through the introduction of the absolute flow 
angle, a3 as follows: 
F 3 = - ^ _ (16) 
cosa3 
The exit swirl angle (a3) is specified by the designer and is one of the key parameters 
influencing the design. High exit swirl angle will tend to increase the frictional losses 
across the stage, and thus, lower values of a3 are desirable. The circumferential 
component of the absolute flow velocity at the stator inlet is given by: 
Vul=Vxsmax (17) 
and at the stage (rotor) exit: 
Vu3=V3sma3 (18) 
Also, from Fig. 3: 
^ 3 = ^ 3 + ^ 3 (19) 
The relative flow angle at the stage exit can be determined using: 
^=tan-1f^2-J
 (20) 
which can then be used to obtain the relative flow velocity at the stage exit; that is, 
12 
W V 
^ = J L ^ = J ^ 3 _ (21) 
cos J33 cos p3 
The axial velocities can also have a significant impact on the design and will therefore be 
studied further. The circumferential component of the flow velocity at station 2, Vu2 is 
still unknown at this point. To address it properly, attention is shifted to the torque and 
shaft power generated by the stage. The torque exerted on the rotor airfoil is expressed 
by: 
^^[K)2 -K)3 ] (22) 
Where, r is the radius measured from the shaft centerline. The shaft power is simply the 
product of the torque and the rotational speed Q, defined in radians per second. Shaft 
power can be expressed by: 
Ps=Clm[(rVu)2-(rVu)3] ^ 
= m[A(UVu)] 
Specific work is then obtained by dividing the above equation throughout by the mass 
flow rate yielding: 
w = Ah0=A(UVu) (24) 
Ah0 has been determined using equation (12), and the magnitude of the circumferential 
velocity component at the stator exit can now obtained (in scalar form) using: 
Mo-u3\vu3\ 
Vu2= ° v 3l *3' (25) 
where U2 and U3 are the circumferential velocities at rotor inlet and exit, respectively. 
The mean absolute and relative gas angles can now be expressed as: 
13 







P2 = tan -«ffk (27) 
0 * 2 / 
respectively, where 
W =V -U 
VV
 ul V u2 ^ 2 
(28) 
in scalar form as shown by Fig. 3. The absolute and relative flow velocities will then be 
given by: 
V2=4VZi + VL (29) 
and 
w2=4w;2+va 2 ax2 (30) 
respectively. The static temperature is obtained using the energy relation (Eq. 11) and the 
definition of specific heat at constant pressure (Eq. 4): 
T =T 
•
L2 ^02 2c, 
(31) 
The density and Mach number can now be easily computed. The isentropic relation is 
used again to calculate the static pressure value at station 2; that is: 
02 




The aerodynamics and thermodynamics at all three stations (stator inlet, stator exit, and 
stage exit) are now completely defined. The next step is to define the stage geometry in 
sufficient detail. At first, seven (7) geometric stations are specified for a very detailed 
14 
definition of the annulus geometry, Fig. 4. The geometric stations 1, 4, and 7 (Fig. 4, in 
black), coincide with the thermodynamic and aerodynamic calculation stations 1, 2, and 3 
(Fig. 4, in red), respectively. 
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Fig. 4 Annulus shape of typical turbine stage 
Initially, the continuity equation is used to calculate the area at three geometric stations 
(1,4, and 7) as the mass flow rate was specified, and density and the axial velocities were 





The annulus area (A) can also be written in term of the hub and tip radii as follows: 
A = 7r(r2-r2) (34) 
Equation 34 presents two unknowns, which are the radii at hub and tip. However, the 
designer's choice of mean radius (or mean circumferential velocity) provides a second 
equation in these same two unknowns, namely: 
Q m 2 
Thus, the hub and tip radii at stations 1, 4, and 7 are now known. The average blade 
height (H) and the hub-tip radius ratio (HT) at stations 1,4, and 7, can now be established 
using the following relations (shown for the rotor airfoil as an example): 
L1
 rotor ~ 
rhA + rhl >™d HTrotorinlet^ (36) 
rtA 
If the rotational speed, which is assumed to be fix by the compressor, had led to an ill-
proportioned annulus, it would be necessary to rework the preliminary design. So far it 
was shown how to establish the gas angles at mean radii and the blade heights. Using free 
vortex solution it is possible to find the gas angles and radii at other streamline locations 
(hub and tip) using similar approach as mentioned above. The next step is to choose 
stator and rotor blade shapes which will accept the gas incident upon the leading edge, 
and deflect the gas through the required angle with the minimum loss. In doing so, the 
aspect ratio is defined as the mean blade height divided by the stator or rotor chord. The 
chord is defined as the distance from the leading edge to the trailing edge of the airfoil 
(Fig. 5). Literature survey suggested that too low a value of aspect ratio is likely to lead 
16 
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a typical turbine stage 
to secondary flow and tip clearance effects occupying an unduly large proportion of the 
blade height. On the other hand, too high a value will increase the likelihood of vibration 
trouble. Based on the above considerations, the stator and rotor aspect ratios were chosen 
for optimum performance. Since the mean blade height can be calculated using (Eq. 34), 
the chord can easily be obtained after setting the aspect ratio. The stator-to-rotor axial 
gaps can be chosen based on the airfoil loading to determine the appropriate forcing 
fiinction, based on a compromise between aerodynamic, mechanical and blade vibration 
consideration (Fig. 4). Due to the lift duty (ability of the airfoils to achieve the desired net 
17 
flow deflection) of a highly loaded turbine stage, it was suggested to have airfoils with 
low aspect ratio. The choice of pitch-to-chord ratio, where the pitch is the distance 
between blades measured at the leading edge (Fig. 5), after applying due mechanical 
considerations employing the Zweifel coefficient, where: 
Z =
 (P -UP \r - 2 7 ^ C Q s 2 ^ ( t o n A , / ^ t a n ^ , ) (37) 
\ *0,inlet "exit) ^ax ^ax 
So the pitch (s) can be calculated either by fixing a value for Zweifel coefficient and then 
calculating the pitch from the above relation or by fixing a value for pitch-to-chord ratio. 
Thus the number of blades can now be obtained using the following relation: 
27tr 
Number of blades = *- (38) 
s 
There are also three dimensionless parameters found to be useful in turbine design. One, 
which expresses the work capacity of a stage, is called the stage loading y/ - Thus the 
work coefficient is expressed in the form: 
¥ = Jjt (39> 
Another useful parameter is the degree of reaction or simply the reaction R. This 
expresses the fraction of the stage expansion, which occurs in the rotor, and it is usual to 
define it in terms of velocities rather than pressure drops, namely 
W2 -W2 
D " 3 VV2 /4 0x 
(V2-V2)
 + (W2-W2) {™> 
The third dimensionless parameter often referred to in gas turbine design is the ratio 
V U 
-^called the flow coefficient(/>. (It plays the same part as the blade speed ratio — used 
U Vx 
by steam turbine designers). During the design procedure outlined above several 
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decisions were made. It was seen that there are some parameters that have significant 
influence on the design. So it was decided to conduct parametric studies to examine 
certain trends and to select the best possible design within the reasonable range. During 
the design process the values of aspect ratio and pitch-to-chord ratio can be refined to get 
the best possible design. So completing the geometric phase, the numbers obtained were 
reviewed and found to be reasonable in continuing the design process. 
In summary, the solution of the streamline flow conditions involves the tangential 
momentum or work equation and the pressure loss or energy equation. In the developed 
form, the analysis uses the differential form of these two basic equations as subsidiary 
equations in a simultaneous solution of the radial equilibrium equation. The solution of 
these three equations provides a radial distribution of meridional velocity, which satisfies 
the radial equilibrium requirement and the design specifications. For each station, the 
meridional velocity distribution is obtained for an assumed value of meridional velocity 
at the mean streamline. The meridional velocity distribution, however, must also 
simultaneously satisfy the mass flow continuity conditions. 
C. Parametric Studies 
The major concern in this section is to conduct the parametric studies to examine 
certain trends by studying the influence of the following parameters on design using the 
procedure mentioned above. Sample cases for parametric studies are given in Appendix 
A for reference. 
a) Axial velocities 
b) Circumferential velocities 
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c) Flow coefficient 
d) Exit swirl angle 
The degree of reaction was kept to 5% at the hub as to keep some room for the off design 
procedure. The low degree of reaction means more work from the flow and the leakage 
losses associated with the rotor blade tip clearance are excessive as degree of reaction is 
higher due to high-pressure drop. In doing so, the axial and circumferential velocities are 
kept constant first but than the exit swirl angle is increased to keep the low degree of 
reaction. High exit swirl angle increases the frictional losses, and thus, lower value of exit 
swirl angle is desirable. Also the swirl angle at the stator exit is greater than 75°. There is 
a limit of 75° on the stator exit swirl angle since the flow is swirling in the axial direction 
and if the angle is closer to 90° than the flow cannot pass through the airfoil and the 
engine will stall. So it's important to keep the stator exit swirl angle low. Increase in the 
axial and circumferential velocities per row can decrease the exit swirl angle but at the 
same time increases the mean radius, which lead to the disc of huge diameter. It is 
difficult to cool such a huge disc and also it's not mechanically sound. The increase in the 
value of flow coefficient is also helpful in keeping the exit swirl angle to a lower value. 
To elaborate the above discussion more clearly, bar charts are used to study the effects of 
the above-discussed parameters in detail. As shown in table 2, the increase in the axial 
velocity helps keeping the exit swirl angle to a lower value. This is the parameter, which 
has the major influence on the exit swirl angle as shown. 

















0% 7% 15% 
Axial velocity(% increase) 
Fixed parameters: 
• Degree of reaction (R) 
• Pressure ratio 
• Efficiency 
Table 2. Percent increase per row in the axial velocities versus 
the exit swirl angle 
The circumferential velocity depends upon the mean radius, which in turn related to the 
mid hade angles of stator and rotor cascade. The increase in the circumferential velocity 
means the increase in the mean radius which means the increase in the mid hade angles. 
It was confirmed from the parametric studies (Table 3) that a 6° increase in the stator and 
rotor mid hade angles is best for the design as it decreases the frictional losses across the 
stage. The increase in the value of flow coefficient also helps in keeping a low value for 
exit swirl angle. It was seen that a flow coefficient of 0.8 is best for the design as the 
velocity triangles are much more favorable and using this value with a 6° increase in the 













Circumferential velocity vs exit swirl angle 
45.a 
3 
U/r (Degree increase) 
Fixed parameters: 
• Degree of reaction (R) 
• Pressure ratio 
• Efficiency 
Table 3. Degree increase per row in the circumferential 
velocity/mean radius versus the exit swirl angle 
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0.5 0.8 0.9 
Flow coefficient 
Fixed parameters: 
• Degree of reaction (R) 
• Pressure ratio 
• Efficiency 
Table 4. Flow coefficient versus the exit swirl angle 
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CHAPTER III 
WINNING DESIGN AND AIRFOIL SHAPES 
A. Discussion 
Based on the parametric studies discussion above, the following design is 
considered to be the best design as it satisfies the conditions on list of parameters within 
the reasonable range. For example, the absolute mean stator exit swirl angle at hub, mean 
and tip is less than 75°, the absolute mean stage exit swirl angle is 34.6° which means 
less frictional losses and the mid hade angles for stator and rotor is 6° which means that 
this size disc is easier to cool as compared to others. Comparison results with those 
obtained for the same turbine will be discussed later in detail. 
Stage Design: The turbine stage here is an uncooled turbine. The specifications are a 
loading factor of 2.92, a pressure ratio of 5.0 and total-to-total efficiency of 85%. The 
boundary conditions were specified which represents the modern Gas Turbine stage. The 
stator-to-rotor axial gap (1.5 inches) was a compromise between aerodynamic, 
mechanical and blade vibration considerations. The mean reaction (20%) was limited by 
the stage exit swirl angle (34.6°) and Mach number (0.76) on one hand, and the blade 
metal temperature on the other. Since turbine extracts energy from the flow, the pressure 
decreases across the turbine and the pressure gradient helps keep the boundary layer flow 
attached to the surface of the turbine blades. The selection of number of airfoils was 
based on a compromise between pitch-to-chord ratios (optimum loading) and trailing 
edge blockage. As a result, 30 stator and 58 rotor airfoils were chosen. The performance 
behavior of a turbine stage is determined by the hub, mean and tips design point velocity 
triangles as shown in fig. 6, 7 and 8. These show the transonic nature of both airfoils and 
23 
the amount of turning required of a high-pressure ratio turbine. Fig. 9 shows the annulus 
shape drawn to scale from shaft centerline. 
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a2 fi, 
V 2 m = 1 0 5 8 m/s 
U 2 m = 4 2 0 m/s 
W 3 m = 8 1 5 m/s 
V 3 m = 4 9 0 m/s U 3 m = 4 3 0 m/s 
Vax = +15% 
U = varies with r 
$ = 0.8 
R = 20% 
a2 = 10.6° 
a3 = 34.6° 
ft = 58.6° 
ft =60.3° 
Fig. 7 Mean velocity triangle 
a2 p.: 
U2 t=420m/s W2t=593 m/s V3m=477 m/s U3t=430 m/s 
Vax = +15% 
U = varies with r 
* = 0.8 
R = 30% 
ok = 69.0° 
a3 = 32.0° 
ft = 53.7° 
ft =60.8° 







Fig. 9 Annulus shape drawn to scale from shaft centerline 
Stator Design: The resulting stator has 30 blades of aspect ratio of 0.8, a pitch-to-chord 
ratio of 0.85, a mean turning angle of 70.6 degrees, a mean exit mach number of 1.59. 
Fig. 10 shows the stator airfoil configuration at the mean. The detailed h-s diagram in 
absolute frame of reference is given in Fig. 11. 
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C=0.14m 
Throat = 0.05m 
S = 0.11m 
00=70.6' 
Fig. 10 Stator airfoil configuration at mean 
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Fig. 11 Detailed (h-s) diagram of stator in absolute frame of reference 
Rotor Design: The resulting rotor has 58 blades of aspect ratio of 1.2, a pitch-to-chord 
ratio of 0.7, and a mean exit mach number of 0.77. The wide chord blade was adopted to 
reduce blade loading and secondary flow as per suggested in literature survey. Fig. 12 
shows the rotor airfoil configuration at the mean. The detailed h-s diagram in relative 
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Fig. 13 Detailed (h-s) diagram of rotor in relative frame of reference 
B. Throughflow Solution 
In this section, the throughflow solution of a highly loaded single turbine stage is 
discussed (Refer Appendix B). The code performs a streamline analysis that can use 
meridional velocity gradients to control the radial distribution of work and flow for 
multistage, multishafl, cooled or uncooled, axial flow turbines. The effects of streamline 
slope and curvature are included in the radial equilibrium. Hub and tip radii are specified 
at inlet, exit and between each blade row. The velocity diagrams for each stage can be 
individually controlled. An internal loss correlation determines blade-row total-pressure-
loss coefficients along the streamlines. Program input includes flow-primary and coolant, 
rotative speed and power. Design parameters that can be varied are number of stages, hub 
and tip radii, stage work split, and stage velocity diagrams. The output presents diagram 
velocities, diagram angles, and efficiencies. The complete throughflow solution is shown 
in Appendix B. 
Due to the need to satisfy many constraints at once (continuity within the given 
flow path, stage work, radial equilibrium, the blade-element loss correlation, radial 
distribution of stator exit angle or meridional-velocity gradient, and radial distribution of 
rotor-exit work), it is not unusual to find combinations of inputs for which no solution 
exists. Selecting the blade-row-exit radial-distribution option can minimize this problem 
that require inputting the meridional-velocity gradients. Moderate and smooth variations 
of meridional velocity with radius will go a long way towards assuring a solution. A 
gradient of zero yields to the 'classic' free-vortex case of tangential velocity varying 
inversely with radius. It is not exact because the constant meridional velocity of the 
'classic' free-vortex case arises from simplifying assumptions that do not have to be 
made in the analysis. 
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C. Parametric studies on airfoil shapes 
Case 1: Unguided turning of 3°, 6° and 9° of stator mid section 
32 
Case 2: 3% increase in the axial chord of stator mid section 
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Fig. 16 Tangential chord study of stator 
Case 4: Leading edge radius study of stator mid section 
LER = 0.00' 
LER = 0.00 
LER~ 0.012 
Fig. 17 Leading edge radius study of stator 
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Case 5: Trailing edge radius study of stator mid section 
Fig. 18 Trailing edge radius study of stator 
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Case 6: Inlet lA wedge angle of 20°, 30° and 40° with a change in tangential chord of 
stator mid section 
Case 7: Unguided turning of 3°, 6° and 9° of rotor mid section 
Fig. 20 Unguided turn study of rotor 
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Case 8:3% increase in the axial chord of rotor mid section 
Fig. 21 Axial chord study of rotor 
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Case 9: 3% increase in the tangential chord of rotor mid section 
40 
Case 10: Leading edge radius study of rotor mid section 
Fig. 23 Leading edge radius study of rotor 
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Case 11: Trailing edge radius study of rotor mid section 
Fig. 24 Trailing edge radius study of rotor 
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D. Comparison Factors 
Comparing present stage to previously published high pressure ratio turbines in 
table 2, having cooled blades (e.g., Crow et al. and Bryce et al.) and uncooled blades 
(e.g., Moustapha et al. and Okapuu et al.), one could see that the present design is 
aggressive in terms of pressure ratio, stage loading, rotor trailing edge blockage and flow 





Airfoil Count Stator 
Airfoil Count Rotor 
Degree of Reaction 
Exit Swirl, deg. 
Exit Mach Number 
AN2 *10-10 
Aspect Ratio (Stator) 
Aspect Ratio (Rotor) 
S.T.E. Blockage (%) 



































































































Table 5. Comparison of present stage to previously published high-pressure ratio turbines 
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CHAPTER IV 
MESH GENERATION AND 2D-CFD ANALYSIS 
A. Mesh Generation 
Mesh generation is a part of the Star-CD methodology. The fiinction of the mesh 
is to fit the boundary surface of the computational domain and subdivide its volume into 
sub domains or cells, used in the numerical solution of the differential conservation 
equations of the mathematical model. It consists of straightedge cells of various forms 
(predominantly hexahedral or tetrahedral in most cases). These may be shaped and joined 
face-to-face in an arbitrary manner to fill any volume. Once the initial mesh has been 
produced, local or global subdivision of cells can be performed in quite a general way to 
achieve the desired degree of resolution. This feature is useful both in the pre-analysis 
mesh generation phase and also as a means of readily improving the resolution after a 
flow solution has been obtained. The refinement procedure allows one or more faces of a 
given cell termed the 'master face' and 'master cell' respectively, to be subdivided into 
an arbitrary number of smaller 'slave' faces which are then assigned to smaller slave 
cells. 
(a) Input Data 
Input data for this specific model has to be prepared in the form of x-y 
coordinates, which represents characteristical shapes. Coordinates of points must be 
recorded in Cartesian coordinate system. All geometrical objects can be entered and 
edited graphically or numerically and coordinates of very complicated shapes can be 
imported from other programs (by using a text file). Here, the x-y coordinates are 
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imported from an in-house code (T-foil). All data is free format and an unlimited number 
of sections can be input. 
Fig. 25 Airfoil shape of stator blade 
generated in Star-CD 
Fig. 26 Airfoil shape of rotor blade 
generated in Star-CD 
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The airfoil shapes of stator and rotor blades are given in Figure 25 and 26. All angles are 
in degrees, and if the slope is positive (or negative) then so is the angle. 
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The outer domain of the channel is defined either in between the suction and the pressure 
surface of the two airfoils or by taking the mid passage between the two (Fig. 27 and 28). 
The domain must be divided into an appropriate number of patches to represent the 
geometrical features of the model as accurately as possible. 
(b) Geometry Splining 
The geometry description is needed in the x-y format and then need a spline over 
the airfoil and the outer domain of the channel to connect the data points and provide a 
smooth frame for the channel flow (Fig. 29 and 30). The option on Star-CD spline 
creation tool was set to constrain the spline to pass through all of the indicated points. 
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(c) Patch Creation 
Patch defines the complete geometry of the mesh into partitioned sections. It 
consists of cells of different forms in the x-y direction. For patch creation, at least four 
coordinates are required to achieve the desired degree of resolution. Before creating 
patches, check the cell table to see if cells of type 'shells' are defined. This also activates 
the cell type so all newly created cells will automatically become shells. In order to 
reduce the processing time, the point data sets have to be kept as small as possible. Most 
of the important effects in a turbomachinery blade row might be resolved using a coarse 
grid of only 30,000 nodes (Fig 31 and 32). 
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Fig. 31 Patch creation for stator airfoil 
configuration 
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Fig. 32 Patch creation for rotor airfoil 
configuration 
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(d) Mesh Stretching 
Here the degree of mesh anisotropy is defined in a general direction. The mesh is 
then deformed in the given direction, which can be desirable for problems, when, for 
example, a different spatial step is required in the x or the y-direction (Fig. 33, 34(a) and 
34(b)). When dealing with viscous flow computations at high Reynolds number 
extremely fine meshes are required close to the boundary surface. It is customary to 
generate meshes so that the point spacing normal to the boundary surface is very close 
while allowing a much larger spacing tangential to the surface. This may lead to poorly 
shaped elements near boundary junctures. New point placement strategies are needed to 
ensure high-quality meshes in such extreme situations. 
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Fig. 34(a) Left hand side leading edge mesh 
stretching in the y-direction 
Fig. 34(b) Right hand side leading edge mesh 
stretching in the y-direction 
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(e) Problems Encountered during Meshing 
The greatest difficulty encountered in the mesh creation was to keep the same 
number of cells in the upper and the lower region of the airfoil. In doing so the density of 
the cells varies a lot, as it is very important to keep the same number of cells in order to 
provide cyclic boundary conditions. After using this work-around, discovered the 
possibility of keeping the cell density variation low by smoothing option (Fig. 35-38). 
Here we divide the mesh into different sections and then start smoothing one region at a 
time. Smoothing the mesh using the parameter/smooth on the partitioned sections was 
successful in reducing the mesh density variation and also to make it more homogeneous. 
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Fig. 35 Trailing edge mesh region before 
smoothing 
Fig. 36 Trailing edge mesh region after 
smoothing 
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Fig. 37 Leading edge mesh region before 
smoothing 
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Fig. 38 Leading edge mesh region after 
smoothing 
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B. 2D-CFD Analysis 
The 2D-CFD analysis starts with the creation of boundaries (inlet, outlet, 
symmetry and cyclic) around the mesh. The molecular properties are then specified. 
Turbulence model of 'k-epsilon/high Reynolds number' is used. Relaxation factor for 
pressure and U and V momentum component is specified with a higher-order 
differencing scheme. To improve the quality of results, either mesh refinement or a 
higher-order differencing scheme could be used. The solution is considered converged 
when the density changes no more than 10~6 between iterations. The Mach number, 
static pressure, density and velocity ratio distribution is studied for both the stator and 
rotor airfoil sections. 
(a) Stator: 
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The increase in the absolute Mach number above is due to the increase in the velocity. 
The Mach number goes supersonic at the airfoil trailing edge since it expands to a lower 
pressure. The wake at the airfoil trailing edge is also shown in Fig. 39. 
Fig. 40 Normalized Static Pressure distribution 
of stator airfoil 
Since turbine extracts energy from the flow, the pressure decreases across the stage. The 
pressure gradient helps keep the boundary layer flow attached to the surface of the 
turbine blades. 
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Fig. 41 Normalized Density distribution of stator 
airfoil 
Density drop across the stage is due to the pressure drop because of the work extraction 
from the flow. 
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Fig. 42 Normalized Velocity distribution of stator 
airfoil 
In stators high temperature, high-pressure gas is expanded and therefore the velocity is 
increased. This also directs the flow to the rotor blades at an appropriate angle. Here, the 
kinetic energy of the flow is increased. 
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(b) Rotor: 
The relative Mach number increases due to the increase in the relative velocity as it 
rotates to extract the energy from the flow. The compressor fixes the speed of the shaft 
and the rotor airfoil is rotating in the relative frame of reference. 
59 
Fig. 44 Normalized Static Pressure distribution of rotor 
airfoil 
The pressure drops in case of rotor airfoils is much more as compared to the stator airfoils 
because of the degree of reaction, i.e., due to the change in the relative components of the 
velocity (W2 and W3). 
60 
Fig. 45 Normalized Density distribution of rotor airfoil 
Density drop across the stage is due to the pressure drop because of the work extraction 
from the flow. 
Fig. 46 Normalized Velocity distribution of rotor airfoil 
The relative velocity is increased since the rotor is rotating in the relative frame of 
reference to extract energy from the flow. The fluid in the rotating element undergoes a 
change in momentum producing a torque on the shaft, which can then be used. 
62 
CHAPTER V 
CONCLUSION AND RECOMMENDATIONS 
A. Conclusion 
The Design of a highly loaded turbine stage with a pressure ratio of 5.0 and a 
stage loading of 2.92 has been presented. Investigations have led to the following 
conclusions: 
• A robust in-house development system is instituted for the design and analysis of 
turbine stages. 
• Since a low degree of reaction stage allows for the extraction of more work but 
increases the risk of separation at off-design operation (should the flow 
decelerate, i.e., negative reaction), a compromise was reached and a minimum 
degree of reaction of 5% at the hub (and thus, for the overall blade) was 
implemented. Furthermore high reaction rotor blades are associated with added 
losses because of the high-pressure drop across the channel. 
• At constant axial and circumferential velocities the exit swirl angle is increased in 
order to keep low degree of reaction, which is harmful as it increases the losses 
across the stage. Therefore constant axial and circumferential velocity design is 
not recommended. 
• A 6° increase in the stator and rotor mid hade angles was confirmed to be the best 
for the design based on the parametric studies conducted. 
B. Recommendations 
63 
• Undertaking of enhanced 2D analysis and the progression to 3D analysis using 
CFD (including fully viscous Navier-Stokes solution, as well as unsteady 
solutions). 
• Improve (or conduct parametric studies of the effect of) 3D flow over the blade 
shapes including design modifications on 3D stacking, effect of shocks and end 
wall contouring. 




A. Parametric Studies 























































































































Table 1.1. Design parameters at constant axial and circumferential velocities. All 
velocities in m/s, all lengths in meter, all angles in degrees. See nomenclature (pg. xvii) 
for parameter description. 
(a) (b) 
Fig. 1.1 (a) Annulus shape (b) Mean velocity triangle 
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Table 2.1. Design parameters at 2% increase in axial and circumferential velocities. All 
velocities in m/s, all lengths in meter, all angles in degrees. See nomenclature (pg. xvii) 
for parameter description. 
a2 p 
(a) (b) 
Fig. 2.1 (a) Annulus shape (b) Mean velocity triangle 
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Table 3.1. Design parameters at constant circumferential velocities and 20% increase in 
axial velocities. All velocities in m/s, all lengths in meter, all angles in degrees. See 
nomenclature (pg. xvii) for parameter description. 
m a2p: 
(a) (b) 
Fig. 3.1 (a) Annulus shape (b) Mean velocity triangle 
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Table 4.1. Design parameters at constant circumferential velocities and 15% increase in 
axial velocities. All velocities in m/s, all lengths in meter, all angles in degrees. See 
nomenclature (pg. xvii) for parameter description. 
a2 A 
(a) (b) 
•n d ITT Li 
Fig. 4.1 (a) Annulus shape (b) Mean velocity triangle 
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Table 5.1. Design parameters at constant circumferential velocities and 10% increase in 
axial velocities. All velocities in m/s, all lengths in meter, all angles in degrees. See 
nomenclature (pg. xvii) for parameter description. 
<*2 A 
(a) (b) 
Fig. 5.1 (a) Annulus shape (b) Mean velocity triangle 
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Table 6.1. Design parameters at constant axial velocities and 5% increase in 
circumferential velocities. All velocities in m/s, all lengths in meter, all angles in degrees. 




Fig. 6.1 (a) Annulus shape (b) Mean velocity triangle 
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Table 7.1. Design parameters at constant axial velocities and 10% increase in 
circumferential velocities. All velocities in m/s, all lengths in meter, all angles in degrees. 








- ^ W B 
u3 
(a) (b) 
Fig. 7.1 (a) Annulus shape (b) Mean velocity triangle 
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Table 8.1. Design parameters at 10% increase in axial and circumferential velocities. All 
velocities in m/s, all lengths in meter, all angles in degrees. See nomenclature (pg. xvii) 
for parameter description. 




Fig. 8.1 (a) Annulus shape (b) Mean velocity triangle 
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Table 9.1. Design parameters at 10% increase in axial and 5% increase in circumferential 
velocities. All velocities in m/s, all lengths in meter, all angles in degrees. See 
nomenclature (pg. xvii) for parameter description. 
a2 p: 
(a) (b) 
Fig. 9.1 (a) Annulus shape (b) Mean velocity triangle 
73 























































































































Table 10.1. Design parameters at constant axial velocities and mid hade angles with a 
flow coefficient of 0.8. All velocities in m/s, all lengths in meter, all angles in degrees. 
See nomenclature (pg. xvii) for parameter description. 
r^l 
<~J Vr\ m 
(a) (b) 
Fig. 10.1 (a) Annulus shape (b) Mean velocity triangle 
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Table 11.1. Design parameters at constant axial velocities and mid hade angles with a 
flow coefficient of 0.9. All velocities in m/s, all lengths in meter, all angles in degrees. 
See nomenclature (pg. xvii) for parameter description. 
(a) (b) 
Fig. 11.1 (a) Annulus shape (b) Mean velocity triangle 
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Table 12.1. Design parameters at constant axial velocities and mid hade angles with a 
flow coefficient of 1.0. All velocities in m/s, all lengths in meter, all angles in degrees. 
See nomenclature (pg. xvii) for parameter description. 
(a) (b) 
Fig. 12.1 (a) Annulus shape (b) Mean velocity triangle 
76 
Case 13: Constant axial velocities and 3° increase in mid hade angles with a flow 























































































































Table 13.1. Design parameters at constant axial velocities and 3° increase in mid hade 
angles with a flow coefficient of 0.8. All velocities in m/s, all lengths in meter, all angles 




Fig. 13.1 (a) Annulus shape (b) Mean velocity triangle 
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Case 14: Constant axial velocities and 3° increase in mid hade angles with a flow 























































































































Table 14.1. Design parameters at constant axial velocities and 3° increase in mid hade 
angles with a flow coefficient of 0.9. All velocities in m/s, all lengths in meter, all angles 
in degrees. See nomenclature (pg. xvii) for parameter description. 
a2 A 
(a) (b) 
Fig. 14.1 (a) Annulus shape (b) Mean velocity triangle 
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Case 15: Constant axial velocities and 3° increase in mid hade angles with a flow 























































































































Table 15.1. Design parameters at constant axial velocities and 3° increase in mid hade 
angles with a flow coefficient of 1.0. All velocities in m/s, all lengths in meter, all angles 
in degrees. See nomenclature (pg. xvii) for parameter description. 
U2 U3 
(a) (b) 
Fig. 15.1 (a) Annulus shape (b) Mean velocity triangle 
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Case 16: Constant axial velocities and 6° increase in mid hade angles with a flow 























































































































Table 16.1. Design parameters at constant axial velocities and 6° increase in mid hade 
angles with a flow coefficient of 0.8. All velocities in m/s, all lengths in meter, all angles 
in degrees. See nomenclature (pg. xvii) for parameter description. 
<*2 A 
(a) (b) 
Fig. 16.1 (a) Annulus shape (b) Mean velocity triangle 
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Case 17: Constant axial velocities and 6° increase in mid hade angles with a flow 























































































































Table 17.1. Design parameters at constant axial velocities and 6° increase in mid hade 
angles with a flow coefficient of 0.9. All velocities in m/s, all lengths in meter, all angles 
in degrees. See nomenclature (pg. xvii) for parameter description. 
<*2 A 
(a) (b) 
Fig. 17.1 (a) Annulus shape (b) Mean velocity triangle 
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Case 18: Constant axial velocities and 6° increase in mid hade angles with a flow 























































































































Table 18.1. Design parameters at constant axial velocities and 6° increase in mid hade 
angles with a flow coefficient of 1.0. All velocities in m/s, all lengths in meter, all angles 
in degrees. See nomenclature (pg. xvii) for parameter description. 
<*2 A 
(a) (b) 
Fig. 18.1 (a) Annulus shape (b) Mean velocity triangle 
82 
Case 19: Constant mid hade angles and an increase in axial velocities of 3% per row with 























































































































Table 19.1. Design parameters at constant mid hade angles and 3% increase in axial 
velocities with a flow coefficient of 0.8. All velocities in m/s, all lengths in meter, all 
angles in degrees. See nomenclature (pg. xvii) for parameter description. 
(a) (b) 
Fig. 19.1 (a) Annulus shape (b) Mean velocity triangle 
83 
Case 20: Constant mid hade angles and an increase in axial velocities of 3% per row with 























































































































Table 20.1. Design parameters at constant mid hade angles and 3% increase in axial 
velocities with a flow coefficient of 0.9. All velocities in m/s, all lengths in meter, all 
angles in degrees. See nomenclature (pg. xvii) for parameter description. 
a2 p 2 r3 
(a) (b) 
Fig. 20.1 (a) Annulus shape (b) Mean velocity triangle 
84 
Case 21: Constant mid hade angles and an increase in axial velocities of 3% per row with 























































































































Table 21.1. Design parameters at constant mid hade angles and 3% increase in axial 
velocities with a flow coefficient of 1.0. All velocities in m/s, all lengths in meter, all 
angles in degrees. See nomenclature (pg. xvii) for parameter description. 
<*2 A 
(a) (b) 
Fig. 21.1 (a) Annulus shape (b) Mean velocity triangle 
85 
Case 22: 3° increase in mid hade angles and an increase in axial velocities of 3% per row 























































































































Table 22.1. Design parameters at 3° increase in mid hade angles and 3% increase in axial 
velocities with a flow coefficient of 0.8. All velocities in m/s, all lengths in meter, all 
angles in degrees. See nomenclature (pg. xvii) for parameter description. 
<*2 A 
(a) (b) 
Fig. 22.1 (a) Annulus shape (b) Mean velocity triangle 
86 
Case 23: 3° increase in mid hade angles and an increase in axial velocities of 3% per row 























































































































Table 23.1. Design parameters at 3° increase in mid hade angles and 3% increase in axial 
velocities with a flow coefficient of 0.9. All velocities in m/s, all lengths in meter, all 
angles in degrees. See nomenclature (pg. xvii) for parameter description. 
(a) (b) 
Fig. 23.1 (a) Annulus shape (b) Mean velocity triangle 
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Case 24: 3° increase in mid hade angles and an increase in axial velocities of 3% per row 























































































































Table 24.1. Design parameters at 3° increase in mid hade angles and 3% increase in axial 
velocities with a flow coefficient of 1.0. All velocities in m/s, all lengths in meter, all 
angles in degrees. See nomenclature (pg. xvii) for parameter description. 
(a) (b) 
Fig. 24.1 (a) Annulus shape (b) Mean velocity triangle 
^3. 
88 
Case 25: 6° increase in mid hade angles and an increase in axial velocities of 3% per row 























































































































Table 25.1. Design parameters at 6° increase in mid hade angles and 3% increase in axial 
velocities with a flow coefficient of 0.8. All velocities in m/s, all lengths in meter, all 
angles in degrees. See nomenclature (pg. xvii) for parameter description. 
<*2 A 
(a) (b) 
Fig. 25.1 (a) Annulus shape (b) Mean velocity triangle 
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Case 26: 6° increase in mid hade angles and an increase in axial velocities of 3% per row 























































































































Table 26.1. Design parameters at 6° increase in mid hade angles and 3% increase in axial 
velocities with a flow coefficient of 0.9. All velocities in m/s, all lengths in meter, all 
angles in degrees. See nomenclature (pg. xvii) for parameter description. 
<*2 A 
(a) (b) 
Fig. 26.1 (a) Annulus shape (b) Mean velocity triangle 
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Case 27: 6° increase in mid hade angles and an increase in axial velocities of 3% per row 























































































































Table 27.1. Design parameters at 6° increase in mid hade angles and 3% increase in axial 
velocities with a flow coefficient of 1.0. All velocities in m/s, all lengths in meter, all 
angles in degrees. See nomenclature (pg. xvii) for parameter description. 
<*2 A 
(a) (b) 
Fig. 27.1 (a) Annulus shape (b) Mean velocity triangle 
91 
Case 28: Constant mid hade angles and an increase in axial velocities of 7% per row with 























































































































Table 28.1. Design parameters at constant mid hade angles and 7% increase in axial 
velocities with a flow coefficient of 0.8. All velocities in m/s, all lengths in meter, all 
angles in degrees. See nomenclature (pg. xvii) for parameter description. 
(a) (b) 
Fig. 28.1 (a) Annulus shape (b) Mean velocity triangle 
92 
Case 29: Constant mid hade angles and an increase in axial velocities of 7% per row with 























































































































Table 29.1. Design parameters at constant mid hade angles and 7% increase in axial 
velocities with a flow coefficient of 0.9. All velocities in m/s, all lengths in meter, all 
angles in degrees. See nomenclature (pg. xvii) for parameter description. 
(a) (b) 
Fig. 29.1 (a) Annulus shape (b) Mean velocity triangle 
T - * 1 t-J ITT U—1 
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Case 30: Constant mid hade angles and an increase in axial velocities of 7% per row with 























































































































Table 30.1. Design parameters at constant mid hade angles and 7% increase in axial 
velocities with a flow coefficient of 1.0. All velocities in m/s, all lengths in meter, all 
angles in degrees. See nomenclature (pg. xvii) for parameter description. 
<*2 A 
(a) (b) 
Fig. 30.1 (a) Annulus shape (b) Mean velocity triangle 
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Case 31:3° increase in mid hade angles and an increase in axial velocities of 7% per row 























































































































Table 31.1. Design parameters at 3° increase in mid hade angles and 7% increase in axial 
velocities with a flow coefficient of 0.8. All velocities in m/s, all lengths in meter, all 
angles in degrees. See nomenclature (pg. xvii) for parameter description. 
<*2 A 
(a) (b) 
Fig. 31.1 (a) Annulus shape (b) Mean velocity triangle 
95 
Case 32: 3° increase in mid hade angles and an increase in axial velocities of 7% per row 























































































































Table 32.1. Design parameters at 3° increase in mid hade angles and 7% increase in axial 
velocities with a flow coefficient of 0.9. All velocities in m/s, all lengths in meter, all 




Fig. 32.1 (a) Annulus shape (b) Mean velocity triangle 
96 
Case 33: 3° increase in mid hade angles and an increase in axial velocities of 7% per row 























































































































Table 33.1. Design parameters at 3° increase in mid hade angles and 7% increase in axial 
velocities with a flow coefficient of 1.0. All velocities in m/s, all lengths in meter, all 
angles in degrees. See nomenclature (pg. xvii) for parameter description. 
(a) (b) 
Fig. 33.1 (a) Annulus shape (b) Mean velocity triangle 
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Case 34: 6° increase in mid hade angles and an increase in axial velocities of 7% per row 























































































































Table 34.1. Design parameters at 6° increase in mid hade angles and 7% increase in axial 
velocities with a flow coefficient of 0.8. All velocities in m/s, all lengths in meter, all 
angles in degrees. See nomenclature (pg. xvii) for parameter description. 
«2 A 
(a) (b) 
Fig. 34.1 (a) Annulus shape (b) Mean velocity triangle 
98 
Case 35: 6° increase in mid hade angles and an increase in axial velocities of 7% per row 























































































































Table 35.1. Design parameters at 6° increase in mid hade angles and 7% increase in axial 
velocities with a flow coefficient of 0.9. All velocities in m/s, all lengths in meter, all 
angles in degrees. See nomenclature (pg. xvii) for parameter description. 
«2 A 
(a) (b) 
Fig. 35.1 (a) Annulus shape (b) Mean velocity triangle 
99 
Case 36: 6° increase in mid hade angles and an increase in axial velocities of 7% per row 























































































































Table 36.1. Design parameters at 6° increase in mid hade angles and 7% increase in axial 
velocities with a flow coefficient of 1.0. All velocities in m/s, all lengths in meter, all 
angles in degrees. See nomenclature (pg. xvii) for parameter description. 
a2 /?3 
(a) (b) 
Fig. 36.1 (a) Annulus shape (b) Mean velocity triangle 
CHAPTER VII 
APPENDIX B 
A. Throughflow Results 
AERODYNAMIC CALCULATIONS FOR THE DESIGN OF AXIAL TURBINES 
SAMPLE CASE FOR A SINGLE-STAGE UNCOOLED TURBINE 
www GENERAL INPUT DATA **" 
NUMBER OF SPOOLS = 1 
NUMBER OF SETS OF ANALYSIS VARIABLES - 1 
NUMBER OF STREAMLINES = 17 
GAS CONSTANT - 48-32000 LBF FT/LBM DEG 
INLET MASS FLOW = 1102.3100S LBM/SEC 
* TABULAR INLET SPECIFICATIONS * 
RADIAL TOTAL TOTAL ABSOLUTE 
COORDINATE TEMPERATURE PRESSURE FLOW ANGLE 
ClN) COEG R) CPSI) CDEG} 
41-9200 3191,00 263.6700 0.000 
www SPOOL INPUT DATA *** 
"« DESIGN REQUIREMENTS ** 
ROTATIVE SPEED - 3600.0 RPM 
POWER OUTPUT = 3 51029.5 9 HP 
** ANALYSIS VARIABLES 
NUMBER OF STAGES - 1 
** POWER-OUTPUT SPLIT * 
FRACTION OF 




DESIGN STATION ffiHSER SPECIFIC HEAT 




• AJHJUJS SPECIF 1CATIOJI * 





























































" BASIC IHTERHAl LOSS COftftElATlOR * 
TCK(INL£T ANGLE) T TAN(EXIT ANGLE) (0.05700000 + O.OOOOOOOO * (V RATIO)** O.00) I f (V RATIO) .LT. 0.00000000 
Y . . . *TIHES* 
1.00000COO + 1.50000000 * C0S(EXIT AKLE) (0.05700000 4 O.OOCOOOM *((V RAIIO)-0.000)) If (V RATIO) .6E. O.ODOOOOOO 
102 
' OUTPUT OF SPOOL DE5IGN ANALYSIS *** 




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































STATOR BLAOE-ROW EFFICIENCY 
ROTOR BLAOE-ROW EFFICIENCY -
STAGE WORK -
STAGE TOTAL EFFICIENCY 
5TAGE STATIC EFFICIENCY -
MA55 AVERAGE STAGE VflRK FACTOR 
MEANLINE STAGE VflRK FACTOR 
STAGE BLADE- TO JET-SPEED RATIO 
0.97341 
0.99679 






««« SPOOL PERFORMANCE SLW4ARY (MAS5-AVERAGED QUANTITIES) *** 
SPOOL WORK 
SPOOL POWER 
SPOOL TOTAL- TO TOTAL-PRESSURE RATIO 
SPOOL TOTAL- TO STATIC-PRESSURE RATIO 
5PCOL TOTAL EFFICIENCY 
5PCOL STATIC EFFICIENCY 
MA55 AVERAGE SPOOL W R K FACTOR 
MEANLINE SPOOL VK>RK FACTOR 
SPOOL BLAOE- TO JET-SPEED RATIO 
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